and coherence functions of the polariton laser.A second threshold, which we believe corresponds to photon lasing with an inverted carrier population, was observed at 2700 times the polariton lasing threshold.
The GaN nanowire-microcavity used in this study is shown schematically in Fig. 1(a) . It consists of a SiO 2 λ−cavity sandwiched by a top and a bottom distributed Bragg reflector (DBR) made of 7 pairs of SiO 2 /TiO 2 . A single nanowire is placed at the central antinode of the cavity field to maximize the interaction between the GaN nanowire excitons and the cavity mode. The inset to Fig. 1(a) shows the scanning electron microscope image of the nanowire lying on the half cavity, before the top cavity was deposited. The wire has a diameter of ∼60 nm and a length of ∼750 nm. The nanowire diameter corresponds to the total thickness of 50 quantum wells used in similar devices 13 . A low background carrier concentration of 8.5 x 10 16 cm -3 was derived from measurements made on Pt-GaN nanowire Schottky diodes 17 . A photoluminescence (PL) spectrum of the nanowires at 25 K is shown in Fig 1(b) . The three free exciton transitions, X A,B,C , corresponding to the wurtzite crystalline structure are indicated. The peaks labelled DBX A and DBX B are bound exciton transitions. The broad and weak transition at ~ 3.41 eV is related to the surface 17 . The lineshape of the exciton transitions resembles a Lorentzian function instead of a Gaussian function, suggesting negligible inhomogeneous broadening of the exciton resonances in the nanowires. After the complete cavity is fabricated, enclosing the nanowire, the cavity is etched into a mesa of 5 μm diameter (see supplementary document). We have studied two devices, fabricated from different samples of GaN nanowires with different cavity-exciton detunings. The measured results are qualititively similar and in the following we describe the sample which is negatively detuned at 300K.
We measured the dispersion of the resonant modes at 300 K by angle-resolved photoluminescence and the spectra are shown in Fig. 1(c) . A peak below the exciton resonances is clearly observed in the spectra, which asymptotically approaches the X A exciton energy at larger angles. A weaker peak above the exciton resonances can also be identified, and the two peaks anti-cross with increasing angle. Using the one-to-one correspondence between the angle of the out-coupled photon and the in-plane wavenumber of the polaritons, we obtained the energy-momentum dispersion of the resonances ( Fig. 1(d) ). The results are well described by the polariton dispersions calculated by the coupled oscillator model (as shown by the solid curves).
Here we consider only coupling of X A exciton and the cavity mode, because the X B and X C excitons have much weaker oscillator strengths according to PL measurements. The cavity to , and a modified cavity field that concentrates within the nanowire. Since the refractive index of the nanowire is higher than that of the cavity, the cavity field is mainly within the nanowire region even without additional transverse confinement of the cavity mode. This is confirmed by finite difference time domain A small blueshift δE of the LP emission was observed with increasing pump power up to δE∼1.78 meV (200K)and 1.92 meV (300K) around the threshold. Further increasing excitation density above threshold led to only negligible change in δE until exciton saturation sets in at much higher pump powers. The behavior is typical in polariton lasers. The blueshift is caused by repulsive self-interaction of the exciton-polaritons and the resultant renormalization of the exciton self energy 24 . From the blueshift, the exciton-polariton population N 3D may be estimated using δE ≈ 3.3πE X B a B 3 N 3D , 6 where E X B = 30 meV is the X A exciton binding energy and a B = 3.5 nm is the exciton Bohr radius. We found N 3D = 1.43 x 10 17 cm -3 at threshold. This value is a factor of 7 larger than that estimated from the incident excitation energy, which could be due to a couple of reasons. The first is the spread of values of a B for GaN quoted in the literature. Second, the exciton population introduces both phase space filling and a saturation of the oscillator strength, both resulting in a blueshift of the lower polariton energy. The formula quoted above is based on phase space filling only. Hence the exciton population calculated based on the total measured blueshift is higher than the actual exciton population.
With further increase of excitation density (by using an objective lens and spot size of ~ 10 µm) to (107 supplementary information), indicating exciton saturation and transition to the weak coupling regime 8 . A second distinct threshold was observed at E th2 ≈ 2700E th1 = 250 µJ/cm 2 , which correspond to a population slightly higher than the Mott density and represents the onset of photon lasing. The integrated emission intensity over the entire range of excitation power density is shown in Fig. 2(c) . The two distinct thresholds, three orders of magnitude apart in excitation density, are strong evidence of the very different origin of the nonlinear emissions. Polariton lasing results from stimulated scattering of polaritons into the quantum degenerate polariton states at k || ~ 0, without requiring population inversion. Photon lasing results from stimulated emission into the cavity modes upon population inversion in the electronic media.
To confirm the physical mechanism for the first nonlinear threshold, we measured the LP population distribution in k-space by angle-resolved photoluminescence. Figure 3 shows the spectra of angle-resolved PL between 0 ∘ and 27 ∘ at 300 K, both below (a) and above (b)
threshold. There is no obvious energy-relaxation bottleneck at all excitation densities. Below threshold, emission intensities are comparable at different angles. Above threshold, the emission becomes sharply peaked at small angles, showing condensation in k-space. The number of polaritons per k || state is estimated from the PL intensity by taking into account the radiative lifetime of polaritons 25 and is shown in Fig. 3(c) . As can be seen again that below threshold the distribution is random where as above threhold there is a sharp increase in the occupancy near k || ~ 0 states.
Coherence properties of the emission below and above E th1 were also studied and the measured data are shown in the supplementary document. The first order coherence was measured with a Michelson interferometer using pulsed excitation. Below threshold, the interference fringe contrast has a noise limited value of ~ 2.5% and it increased to a value of ~ 32%
In conclusion, room temperature polariton lasing at record low threshold polariton densities was achieved in a vertical microcavity containing a single GaN nanowire. The threshold density was two orders of magnitude lower than reported values for GaN-based polariton lasers.
Dynamic and coherence properties of the device all suggest that the low-threshold lasing results from stimulated scattering and accumulation of a quantum degenerate polariton population near the band minimum. In comparison, a second threshold corresponding to conventional photon lasing was also observed at a density 2700 times the polariton lasing threshold density. Reducing the lateral size of the microcavity would increase the photon-exciton coupling and further improve the optical qualities of the polariton laser. Our work represents a first step in developing a new generation of ultra-low power and ultra-compact, room-temperature photonic devices based on GaN nanowire polaritons. 
